Antioxidants improve endothelial function in hypercholesterolemia (HC); however, whether this includes improvement of the vascular smooth muscle response to NO is unknown. NO relaxes arteries, in part, by stimulating Ca 2ϩ uptake via sarco/endoplasmic reticulum Ca 2ϩ -ATPase (SERCA) in aortic smooth muscle, and HC impairs SERCA function and the response to NO. HC induces oxidative stress, which could impair SERCA function. To study the effect of antioxidants, which are known to improve endothelium-dependent relaxation in HC, smooth muscle SERCA activity and NO-induced relaxation were studied in rabbits fed normal chow or a 0.5% cholesterol diet for 13 weeks. The antioxidant t-butylhydroxytoluene (BHT, 1%) was mixed with the HC diet in the last 3 weeks. HC impaired acetylcholine-and NO-induced relaxation, and these were restored by BHT. After inhibiting SERCA with thapsigargin, no difference existed in NO-induced relaxation among the three groups. Reduced aortic SERCA activity in HC was restored by BHT without changing SERCA protein expression. 3-Nitrotyrosine was notably increased in the media of the HC aorta, where it colocalized with SERCA. Tyrosine-nitrated SERCA protein was immunoprecipitated in the aortas of HC rabbits, where it was decreased by BHT, and it was also detected in the aortas of atherosclerotic humans. Thus, the antioxidant reverses impaired smooth muscle SERCA function in HC, and this is correlated with the improved relaxation to NO. These beneficial effects may depend on reducing the direct effects on SERCA of reactive oxygen species that are augmented in HC.
H ypercholesterolemia (HC) and other vascular diseases, including hypertension, 1-3 diabetes, 4, 5 and hyperhomocysteinemia, 6, 7 may increase oxidative stress and decrease NO bioactivity, which may be associated with promoting atherosclerosis. 8 Antioxidants, including ␤-carotine, 9 vitamin E, 9, 10 vitamin C, 11 and probucol, 12, 13 improve endotheliumdependent relaxation in HC. The effects of these antioxidants do not depend on lowering plasma cholesterol levels, 12, 13 suggesting that oxidative stress in HC is related to vascular dysfunction. 14 However, the protective mechanism of antioxidants on NO bioactivity has not yet been elucidated.
Oxidative stress may impair NO release 15 or endothelial NO synthase function, 16 although increased NO release in HC has also been reported. 17 Increased scavenging of NO by superoxide may decrease NO bioactivity; however, a few hours of incubation with antioxidants 18, 19 or adenovirusmediated gene transfer of superoxide dismutase 20 fails to normalize endothelium-dependent relaxation, suggesting that a decrease in superoxide generation is not enough to immediately restore NO bioactivity in HC.
Another possible factor is that oxidative stress impairs the function of target proteins of NO in aortic smooth muscle. NO activates guanylyl cyclase and relaxes arteries, and its activity is preserved at least during the early stages of HC. 19, 21, 22 Thus, sodium nitroprusside-induced relaxations that depend on the activation of guanylyl cyclase and those caused by 8-bromo-cGMP are preserved in HC. 19 K ϩ channels are directly activated by NO 23 ; however, K ϩ channelmediated relaxation by NO is preserved in HC carotid arteries. 22 We have provided evidence that NO induces relaxation, in part, by stimulating the refilling of intracellular Ca 2ϩ stores via smooth muscle sarco/endoplasmic reticulum Ca 2ϩ -ATPase (SERCA), which thereby decreases intracellular Ca 2ϩ levels and inhibits store-dependent Ca 2ϩ influx via plasma membrane ion channels. 24, 25 This process is, at least partially, cGMP independent. 19, 25 Moreover, we have shown that HC impairs SERCA function and decreases the cGMPindependent SERCA-dependent smooth muscle response to NO. 19 The reduced SERCA activity in HC is not due to decreased SERCA protein levels. 21 Rather, SERCA2, which is the primary isoform in vascular smooth muscle, is sensitive to oxidative stress. 26 For example, hydroxyl radical, 27 peroxide, 28 hypochlorous acid, 29 and peroxynitrite 30 all decrease SERCA activity. Therefore, SERCA activity and NO-induced relaxation might be impaired by oxidative stress in HC.
We hypothesized that chronic increases in oxidative stress can impair SERCA function and decrease the smooth muscle response to NO in HC. To test this hypothesis, the antioxidant t-butylhydroxytoluene (BHT, 1%) was mixed with a cholesterol-enriched diet, 31, 32 and its effects on relaxation to NO, SERCA activity, and oxidative modifications in SERCA were tested.
Materials and Methods
Reagents NO was obtained from Matheson Gas. A saturated NO solution (Ϸ3 mmol/L) was prepared at 4°C and depleted of anionic oxidation products of NO with an anion exchange resin, as described previously. 18, 19, 22, 33, 34 Monoclonal SERCA2 antibody was from Affinity Bioreagents (clone IID8). Polyclonal antibody for 3-nitrotyrosine was from Upstate Biochemicals. Anti-mouse IgG and anti-rabbit IgG antibody were from Pierce. Rhodamine red and fluoresceinconjugated secondary antibody were purchased from Jackson Immuno-Research Laboratories. 45 CaCl 2 was obtained from New England Nuclear. All other reagents were from Sigma Chemical Co.
Animals
Male New Zealand White rabbits were assigned to control and cholesterol-fed groups randomly, and they received a diet (Agway Prolab, Agway) or chow supplemented with 0.5% cholesterol (wt/ wt) and 4% peanut oil (wt/wt) for 13 weeks, as previously reported. 18, 19, 22, 34 In some rabbits, BHT was mixed with the cholesterolenriched diet during the last 3 weeks.
Human Aortic Biopsies
Biopsies of atherosclerotic human aortas were obtained at the time of coronary artery bypass surgery from the sites of insertion of vein grafts. Atherosclerosis was diagnosed by coronary artery angiogram in each of the 3 male and 2 female patient samples analyzed in the present study. The average age of the patients was 64Ϯ3 years. On curettage from the aorta, the biopsies were placed in saline and transported immediately to the laboratory, where they were frozen for later homogenization and analysis as for the rabbit aortic samples. The protocol was approved by the Institutional Review Board for Human Research.
Plasma and Aortic Cholesterol Levels
Plasma cholesterol levels were measured with a chemiluminescent assay kit (Sigma). Rabbit aortic cholesterol levels were measured as described. 35 
Isometric Tension Measurement
The detailed methods have previously been reported. The portion of the descending thoracic aorta 3 to 5 cm from top of the arch was studied. In some rings, the endothelium was removed mechanically. Rings were mounted at optimal resting tension (6 g) at which contractions to phenylephrine or elevated K ϩ were found to be not significantly different in normal and HC rabbits. 12 Some rings without endothelium were incubated with a specific SERCA inhibitor, thapsigargin (10 mol/L), 36 for 1 hour. Thereafter, rings were contracted by adding phenylephrine to cause a 40% to 50% maximal contraction. Rings without endothelium were relaxed by logarithmic increments of NO concentration, and rings with endothelium were relaxed by half-logarithmic increments of acetylcholine concentration. 18, 19, 22 SERCA Activity by 45 Ca 2؉ Uptake SERCA activity was measured by 45 Ca 2ϩ uptake in a postnuclear supernatant fraction, as previously reported. 19, 26 The midportion of the descending aorta (Ϸ5 to 7 cm from the top of the arch) was homogenized in sucrose buffer (100:1 [wt/vol]; 0.34 mol/L sucrose, 1 mmol/L phenylmethylsulfonyl fluoride, and 2 mmol/L dithiothreitol) with a sintered glass-on-glass homogenizer on ice. The homogenate was centrifuged at 4000 rpm for 2 minutes at 4°C, and the supernatant was assayed. To determine SERCA-dependent uptake, paired samples were treated with thapsigargin (10 mol/L, 15 minutes) at 37°C. 45 Ca 2ϩ uptake buffer (30 mmol/L Tris-HCl, pH 7.0, 100 mmol/L KCl, 5 mmol/L NaN 3 , 6 mmol/L MgCl 2 , 0.15 mmol/L EGTA, 0.12 mmol/L CaCl 2 , and 10 mmol/L oxalate) was mixed with 1 Ci 45 Ca 2ϩ and 2 mmol/L ATP at 37°C. The reaction was started by adding 100 L protein (250 to 400 g, total volume 500 L). Aliquots of this mixture (100 L) were filtered through Whatman GF/C glass filters at 10, 30, and 60 minutes. The filters were rinsed 2 times with 2.5 mL wash buffer (30 mmol/L imidazole, 250 mmol/L sucrose, and 0.5 mmol/L EGTA). 45 Ca 2ϩ uptake was calculated by counting the radioactivity collected by the filters and standardized by protein concentration determined by the Bradford method.
Western Blot Analysis
The remaining rabbit descending aorta was homogenized in Trissucrose buffer with 1% Triton X-100 and protease inhibitors. After centrifugation at 14 000 rpm for 15 minutes at 4°C, the supernatant was mixed with Laemmli buffer and applied to 7.5% SDS-PAGE gels (10 g protein per lane) for separation. Proteins were transferred to nitrocellulose paper, and the membrane was incubated with anti-SERCA2 (clone IID8 [1:2500, overnight], Affinity Bioreagents) or ␣-actin (1:5000, 2 hours, Sigma) antibody. The secondary anti-mouse IgG (1:50 000, Pierce) was incubated, and bands were detected by enhanced chemiluminescence. 19 
Immunoprecipitation With Anti-Nitrotyrosine or Anti-SERCA Antibody
Approximately 1 mg protein of aortic extract was diluted in 500 L lysis buffer. After a preclearing with protein A or G agarose (30 L, Santa Cruz), the supernatant was mixed with 10 L polyclonal anti-nitrotyrosine or SERCA2 antibody and incubated overnight at 4°C. Prewashed protein A or G agarose (50 L) was then added to the samples, and after 1-hour further incubation, the immunocomplex was resuspended in Laemmli sample buffer (50 L) containing 5% mercaptoethanol and loaded onto SDS-PAGE gels. 37
Immunohistochemistry for 3-Nitrotyrosine
Some rings from thoracic aortas were placed in 4% formalin overnight and embedded in paraffin. After removal of paraffin and rehydration, slides were treated with 10 mmol/L citric acid (pH 6) and were microwave-heated (2 minutes, 3 times at 700 W) to recover antigenicity. Nonspecific binding was blocked with 10% normal goat serum in PBS (pH 7.4) for 30 minutes before incubation with polyclonal anti-nitrotyrosine antibody (1 g/mL, Upstate Biotechnology) in PBS with 1% BSA overnight at 4°C. Tissue sections were then incubated for 30 minutes at room temperature with a biotinylated anti-rabbit IgG (1:800) secondary antibody with use of the Vectastain ABC kit (Vector). Vector red alkaline phosphate substrate was used to visualize positive immunoreactivity for 3-nitrotyrosine. Preincubation of the anti-3-nitrotyrosine antibody with free 3-nitrotyrosine (10 mmol/L) nearly eliminated staining in HC, indicating that the staining is specific (data not shown). 3, 38 Three observers who were blinded to the sample identity performed semiquantitative analysis of tissue immunoreactivity for 3-nitrotyrosine in the smooth muscle layer by using an arbitrary grading system from 0 to 3 to estimate the degree of positive medial staining. 3, 38, 39 Sections of rabbit aorta labeled with fluorescent antibodies were imaged by using a 2-photon scanning confocal microscope designed and constructed in collaboration with the laboratory of Dr Peter So (Massachusetts Institute of Technology, Cambridge, Mass). The light source was a diode laser-pumped titanium sapphire laser (Coherent). The excitation pulses were centered in wavelength at 800 nm, and the average power was reduced to 100 mW by using polarizing optics. Fluorescence emission wavelengths were separated by a 565-nm dichroic mirror, and the emission filters were centered at 605 nm with a 55-nm bandwidth and at 535 nm with a 30-nm bandwidth for the long-and short-emitted wavelengths, respectively (Chroma Technology). Images were 512ϫ512 pixels and were analyzed by using NIH Image J and Adobe Photoshop.
3-Nitrotyrosine Chemical Analysis
Amino acid analysis was performed as described 40 on SERCA immunoprecipitated from rabbit and human aortic samples, run on SDS-PAGE gels, transferred, and then eluted from polyvinylidine difluoride (PVDF) membranes. The phenylthiocarbamatederivatized amino acids were separated on a 250ϫ4.6-mm Waters Pherisorb S5 ODS2 C 18 column by using the following gradient (for mobile phase A, 10 mmol/L potassium phosphate, pH 6.5; for mobile phase B, 30% A/70% acetonitrile [vol/vol]): equilibration of the column with 100% A; linear gradients increasing B from 0% to 11% between 0 and 15 minutes, increasing B to 14% between 15 to 17 minutes, increasing B to 36% between 17 and 39 minutes, and increasing B to 100% between 39 to 42 minutes, followed by isocratic elution with 100% B between 42 and 48 minutes. Results are expressed as moles of 3-nitrotyrosine per mole of 110-kDa protein, which was shown by mass spectrometry to contain SERCA in rabbit samples.
Statistical Analysis
Relaxations to NO were analyzed by the maximum response after adding each concentration and expressed as a percentage of the contraction to phenylephrine. Data are expressed as meanϮSEM. Statistical evaluation among three groups was performed by using a repeated-measures ANOVA (SAS, Inc). The bands on Western blots were quantified by densitometry (Molecular Analyzer). Differences between two groups at individual concentrations of NO and band densities were analyzed with the Student t test. A value of PϽ0.05 was considered to be statistically significant.
Results
The HC diet increased plasma cholesterol levels, and BHT did not significantly affect them ( Figure 1A) . HC also increased aortic cholesterol levels, and BHT partially de-creased them, although the levels remained significantly 12-fold higher than normal ( Figure 1B) .
HC significantly decreased acetylcholine-and NO-induced relaxation, both of which were restored by BHT treatment (Figures 2A and 2B ). Thapsigargin significantly inhibited NO-induced relaxation in the normal chow group ( Figure 2C ; at 1 mol/L NO, 59Ϯ4% for control versus 31Ϯ5% for thapsigargin); however, thapsigargin did not significantly inhibit NO-induced responses in the HC group (28Ϯ6% for control versus 24Ϯ5% for thapsigargin). Thapsigargin inhibited NO-induced relaxation in aortas of BHT-treated rabbits similar to that in normal rabbit aortas (59Ϯ3% for control versus 24Ϯ2% for thapsigargin). After treatment with thapsigargin, the residual relaxation to NO was not significantly different in the three groups ( Figure 2C ), suggesting that HC selectively inhibits SERCA-dependent relaxation to NO and that BHT restores it.
Total 45 Ca 2ϩ uptake in aortic homogenates was markedly decreased in HC and recovered with BHT treatment ( Figure  3A) . Thapsigargin-insensitive 45 Ca 2ϩ uptake was not different among the three groups ( Figure 3A) . SERCA activity, defined as thapsigargin-sensitive 45 Ca 2ϩ uptake, was decreased to 30% of control in HC and recovered to 70% of control with BHT treatment ( Figure 3B) .
To test whether the improvement of SERCA function caused by BHT was due to increased SERCA2 protein expression, Western blotting for SERCA2 and ␣-actin was performed in HC and BHT-treated groups. Densitometry showed that the expression of SERCA2 did not change significantly with BHT (18Ϯ4 U [HC, nϭ4] versus 17Ϯ2 U [BHT, nϭ4], Pϭ0.81). The ratio of SERCA2 to ␣-actin expression by Western blot also did not significantly change with BHT ( Figure 4B The similar expression of SERCA2 protein suggested that posttranslational modification of SERCA could explain its impaired activity in HC and restoration by BHT. SERCA2 activity is known to be inhibited by peroxynitrite 30, 40, 41 or hypochlorous acid, 29 both of which are generated in atherosclerotic human and rabbit arteries, where they could possibly generate 3-nitrotyrosine protein moieties. 38, 39, 42 Therefore, we performed immunohistochemistry for 3-nitrotyrosine in the aortas of rabbits from the three groups. Compared with normal arteries ( Figure 5A ), 3-nitrotyrosine staining increased in HC not only in the endothelium, plaque, and adventitia but also, notably, in medial smooth muscle ( Figure  5B ). In the BHT-treated group, staining for 3-nitrotyrosine was nearly eliminated in medial smooth muscle, although less intense staining remained in the plaque, endothelium, and adventitia ( Figure 5C ). Semiquantitative analysis of the 3-nitrotyrosine staining in the smooth muscle region showed a visibly significant increase in 3-nitrotyrosine staining score in HC that was significantly decreased by BHT treatment (0.3Ϯ0.1 units for normal versus 2Ϯ0.5 for HC and 0.9Ϯ0.3 for HCϩBHT).
To determine whether 3-nitrotyrosine is colocalized with SERCA in HC rabbit aorta, double staining with anti-SERCA2 ( Figure 6A , rhodamine red) and nitrotyrosine ( Figure 6B , fluorescein) antibodies was performed and examined by 2-photon confocal microscopy. Staining for 3-nitrotyrosine and SERCA clearly colocalized in the smooth muscle. Control studies indi- cated that secondary antibodies alone resulted in minimal staining and that negligible crossover occurred between the two fluorescence indicators.
To further establish whether increased 3-nitrotyrosine was formed on SERCA protein in HC, immunoprecipitates of aortic proteins obtained with polyclonal anti-nitrotyrosine antibody were separated by SDS-PAGE and stained with anti-SERCA antibody. Despite the similar expression of SERCA2 protein among the groups, HC markedly increased SERCA in the 3-nitrotyrosine immunoprecipitates, and BHT decreased it ( Figure 7A ). If we eliminated the antinitrotyrosine antibody or aortic proteins during the immunoprecipitation, the immunostaining of SERCA was absent. We also confirmed that the immunoprecipitate was not stained with the secondary antibody used to detect SERCA (data not shown). Densitometry showed significant increases in SERCA protein present in the 3-nitrotyrosine immunoprecipitate obtained from HC rabbit aortic samples, and the amount was decreased by BHT ( Figure 7B) . Because 3-nitrotyrosine was noted previously by immunohistochemistry in human atherosclerotic lesions, 3-nitrotyrosine in SERCA derived from atherosclerotic human aortic biopsies was assessed. Immunoprecipitated SERCA2 was stained positively with the polyclonal anti-nitrotyrosine antibody, and the staining was prevented with preabsorption of the antibody with 10 mmol/L 3-nitrotyrosine ( Figure 7C ). Elastin fiber autofluorescence is visible at both emitted wavelengths. Other autofluorescence was negligible, as was fluorescence from labeling with secondary antibody alone. Control experiments were also performed to ensure that emission from the long-wavelength dye (SERCA labeling) detected in the shortwavelength channel and emission from the short-wavelength dye (3-nitrotyrosine labeling) detected in the long-wavelength channel were minimal, thus excluding any artifact in the colocalization.
Figure 7. Detection of tyrosine nitration on SERCA protein. A,
To assess the 3-nitrotyrosine formation on SERCA2 protein, an immunoprecipitate (IP) was obtained with polyclonal antinitrotyrosine (NY) antibody and immunoblotted (IB) with monoclonal anti-SERCA antibody. Despite similar SERCA expression in whole aortic protein (not shown), HC markedly increased the SERCA detectable in the immunoprecipitate. BHT reduced the amount of SERCA present in the immunoprecipitate. B, Densitometric analysis showed that a significant increase occurred in SERCA contained in the immunoprecipitate in HC, which was decreased by BHT (nϭ3 in each group). *PϽ0.05 vs normal;
†PϽ0.05 vs HC. C, SERCA2 was immunoprecipitated from homogenate of atherosclerotic human aortic biopsies and was stained with polyclonal anti-nitrotyrosine antibody. Shown in the second lane, preabsorption of the anti-nitrotyrosine antibody with 10 mmol/L 3-nitrotyrosine prevented the staining. Similar results were obtained in 3 additional human aortic biopsies (data not shown). D, SERCA2 immunoprecipitated from 4 normal and 4 HC rabbit aortic homogenates and obtained from 5 human aortic biopsies was separated with SDS-PAGE and transferred to PVDF membranes. The protein was eluted from the 110-kDa band, and 3-nitrotyrosine content was measured by HPLC-UV detection. The protein from HC rabbits contained significantly more 3-nitrotyrosine than did the protein from normal rabbits (*PϽ0.01), and the immunoprecipitate from atherosclerotic human aortas contained 3-nitrotyrosine in a molar ratio similar to that obtained from HC rabbit aortas.
To confirm the increase in 3-nitrotyrosine in SERCA2, after the protein was immunoprecipitated from HC rabbit and human aortic homogenates, the 110-kDa protein band was eluted from the PVDF membranes, and amino acid analysis was performed by protein hydrolysis and high-performance liquid chromatography (HPLC). 14 In 4 normal rabbit aortic samples, there was 0.08Ϯ0.06 mol 3-nitrotyrosine/mol protein. In contrast, the 3-nitrotyrosine content in aortas from 4 HC rabbits was increased 20-fold to 1.6Ϯ0.7 mol/mol protein (PϽ0.01, Figure 7D ). SERCA that was immunoprecipitated from human aortas also contained 3-nitrotyrosine (nϭ5, 1.6Ϯ0.1 mol/mol protein). These measurements verify that immunoprecipitates containing SERCA obtained from rabbit and human aortas contain authentic 3-nitrotyrosine.
Discussion
A number of studies indicate that antioxidants can improve endothelium-dependent relaxation in HC. 9 -13 HC not only decreases endothelium-dependent relaxation but also decreases the smooth muscle response to NO that is inherently important in mediating endothelium-dependent relaxation to agents such as acetylcholine. The antioxidant BHT dramatically improved the smooth muscle response to NO, and this was mirrored in improved endothelium-dependent relaxation to acetylcholine, suggesting that the beneficial effects of antioxidant may depend not only on endothelial cell function but also on improvement in the smooth muscle response to NO. Acceleration of sarcoplasmic reticulum (SR) Ca 2ϩ uptake via SERCA is the principle mechanism by which NO decreases intracellular Ca 2ϩ levels contributing to smooth muscle relaxation. 27 In other studies, 19 we have shown that HC impairs the relaxation to NO in a SERCA-dependent fashion. That is, after the inhibition of SERCA with either thapsigargin (the present study) or cyclopiazonic acid (CPA), 19 there was no difference in relaxation between normal and HC rabbit aortas. In contrast, relaxations to sodium nitroprusside were found to depend to a negligible extent on SERCA function and were preserved in HC. 19 These findings suggest that HC selectively impairs relaxation to authentic NO via impairment of SR Ca 2ϩ uptake and that BHT reverses this. Moreover, BHT improved the impaired thapsigargin-sensitive SR Ca 2ϩ uptake in HC rabbit aortas. There was no change in SERCA protein expression, suggesting that SERCA activity is reduced in HC by oxidant mechanisms and that the effect of oxidants on SERCA can account not only for the reduced relaxation caused by NO but also for the improvement caused by antioxidants such as BHT. The evidence that Ca 2ϩ uptake via SERCA is required for a normal response to NO is admittedly indirect, on the basis of the use of thapsigargin and CPA 19 and kinetic arguments. 25 However, the impairment of SERCA activity in HC and the fact that either thapsigargin or CPA masks the impairment of NO-induced relaxation in HC also represent evidence that SERCA is involved in the response.
HC increases superoxide generation not only in the endothelium and adventitia but also in medial smooth muscle. 20 An increase in superoxide anion generation in smooth muscle has also been reported in streptozocin-induced diabetes. 5, 43 NO has a long enough half-life to diffuse to all layers of the blood vessel wall, unless it reacts with superoxide and forms peroxynitrite. Detection of 3-nitrotyrosine in both rabbit and human arteries has been presented as evidence of peroxynitrite formation. 3-Nitrotyrosine can also be generated from hypochlorous acid and nitrite by myeloperoxidase. 42 An increase in these reactive species in HC smooth muscle is suggested in the present study by a marked increase in 3-nitrotyrosine immunostaining, which was dramatically decreased with BHT. SERCA represents at least one of the 3-nitrotyrosine-modified proteins as shown by immunochemical colocalization as well as immunoprecipitation and HPLC techniques. We also detected 3-nitrotyrosine on SERCA derived from human atherosclerotic aortas by immunoblotting and HPLC. The fact that BHT reduced 3-nitrotyrosine associated with SERCA suggests that BHT treatment reduces or prevents the actions of the reactive nitrogen species responsible. SERCA2, the major smooth muscle isoform, is an oxidantsensitive protein, and numerous oxidants have been reported to impair its activity, including hydroxyl radical, 27 peroxide, 28 hypochlorous acid, 29 and peroxynitrite. 30 In the present study, SR Ca 2ϩ uptake activity was measured under strong reducing conditions provided by dithiothreitol. Therefore, any oxidative changes in the protein responsible for the reduced activity were not easily reversible. Peroxynitrite was shown to inhibit SERCA activity in skeletal muscle, and the reduced function was also not recovered with dithiothreitol. 30 We have also found that treatment of aortic homogenates with peroxynitrite or hypochlorous acid inhibits SERCA activity (data not shown); thus, it is possible that these oxidants are involved in vivo. In addition, thiol oxidation inhibits the activity of SERCA, 30, 41 and peroxynitrite can oxidize Met, Lys, Phe, Thr, Ser, and Leu on SERCA protein 30 as well. Thus, although it is not clear whether tyrosine nitration is directly responsible for the impairment of SERCA activity, 3-nitrotyrosine does serve as a molecular marker of exposure of proteins to oxidants in vivo. Furthermore, the association of 3-nitrotyrosine with SERCA, its decrease in function in HC, and its restoration during treatment with an antioxidant strongly suggest that oxidants are responsible for the alteration in protein function.
BHT has been reported to decrease lipid peroxidation and to improve atherosclerosis in hypercholesterolemic animals. 31 In the present study, treatment during the final 3 weeks of administration of a high cholesterol diet did not change plasma cholesterol levels, although it did modestly decrease aortic cholesterol levels. This indicates that accumulation of cholesterol, a marker of atherogenesis, was significantly decreased by this relatively brief treatment. Therefore, we cannot completely exclude the possibility that the improvement of SERCA function may partially depend on the amount of cholesterol or atherosclerosis. However, the cholesterol content remained 12-fold higher than normal in the BHTtreated group, whereas acetylcholine-and NO-induced relaxations were completely restored. Previously, Simon et al 12 and Keaney et al 13 showed that short-term treatment with probucol, structurally a dimer of BHT, improved endotheliumdependent relaxation in rabbits, which was unexplained by a decrease in aortic cholesterol. Probucol was also shown to decrease aortic superoxide levels. 13 Thus, reduced levels of superoxide anion might explain not only the restoration of function observed in the present study but also the reduced presence of 3-nitrotyrosine on SERCA in the aortic media. The oxidative modifications demonstrated in the present study allow us to speculate that oxidant mechanisms acting directly on SERCA can account for the reduction in vascular function associated with HC and its restoration by BHT. Improvement of endothelium-dependent relaxation precedes the regression of atherosclerosis caused by cholesterol lowering 44 or antioxidant treatment, suggesting that improvement of NO bioactivity can limit the progression of atherosclerosis. 8 The present study suggests that a major effect of antioxidants, ie, improvement of endothelium-dependent relaxation, is mediated by improvement in smooth muscle responsiveness to NO. This improvement in smooth muscle function was associated with reduced oxidative modification of SERCA protein and improved thapsigargin-sensitive Ca 2ϩ uptake. This suggests that preservation of SERCA function may be regarded as a new target for the treatment of impaired vascular function, which precedes atherosclerosis caused by HC.
